Although traces of archaic hominin DNA persist in all human populations outside 6 Africa, these traces have been systematically depleted from the most functionally im-7 portant regions of the human genome. This depletion suggests that many Neanderthal 8 and Denisovan alleles had harmful effects on the fitness of hybrid individuals, but the 9 nature of these harmful effects is poorly understood. Here, we show that Neanderthal 10 and Denisovan alleles likely dysregulated gene expression in specific human tissues, 11 causing systematic depletion of archaic introgression from enhancer regions annotated 12 by the ENCODE RoadMap project. Highly pleiotropic enhancers that show activ-13 ity in many tissues are more depleted of introgression than tissue-specific enhancers, 14 and Neanderthal depletion is highly correlated with Denisovan depletion across sets 15 of enhancers active in particular tissues. Fetal brain and fetal muscle are the tissues 16 most depleted of archaic SNPs in their regulatory regions, and by analyzing the site 17 frequency spectra of enhancers compared to control regions, we deduce that brain and 18 muscle enhancers are likely depleted of introgression for different reasons. Brain en-19 hancers appear to accumulate deleterious mutations unusually quickly, which may have 20 caused inbred archaic populations to accumulate disproportionately large amounts of 21 genetic load in these regions. In contrast, fetal muscle enhancers show no evidence 22 of high deleterious mutation rates, and we hypothesize that their depletion of archaic 23 DNA resulted from divergent selection for higher muscle mass in Neanderthals and 24 Denisovans compared to humans. 25 2 Neanderthals came into contact with humans multiple times during their existence, leaving 27 traces of archaic DNA in the genomes of present day non-Africans [1, 2]. These traces imply 28 that human-Neanderthal hybrids were once viable, fertile and numerous. At the same time, 29 Neanderthal alleles were not always well tolerated on human genetic backgrounds. Large 30 amounts of Neanderthal DNA appear to have been purged from regions of the human genome 31 that show evidence of evolutionary constraint [3, 4], suggesting that deleterious archaic alleles 32 were removed by natural selection after they harmed the fitness of hybrid individuals. A 33 similar pattern has been observed in the genomes of Oceanians whose ancestors admixed 34 with the Denisovan hominid lineage: many genetic "deserts" that are devoid of Neanderthal 35 ancestry in Europeans and East Asians are similarly devoid of Denisovan admixture in 36
the number of tissues where the enhancer is active (Figure 2 ), we found pleiotropy to be 120 positively correlated with the magnitude of archaic ancestry depletion ( Figure 2 ). 121 We found that some tissues' enhancers were much more depleted of archaic DNA than Neanderthal and Denisovan introgression levels vary between enhancers active in different tissues. Data points that lie below the dotted line correspond to tissues whose enhancers are more depleted of Denisovan introgression compared to Neanderthal introgression. B. Even after restricting to enhancers active in fetal muscle or fetal brain, the two tissue types most depleted of archaic introgression, pleiotropy remains negatively correlated with introgression depletion. The difference in introgression depletion between these two tissues and other tissues is driven mainly by enhancers of intermediate pleiotropy.
different populations are pooled together, Denisovan variants appear to be more strongly 137 depleted from regulatory DNA than Neanderthal variants are. Although exons are slightly 138 more depleted of archaic introgression than enhancers as a whole ( Figure 1B ), they are 139 actually less depleted than brain or fetal muscle enhancers. Sankaraman, et al. generated two sets of Neanderthal ancestry calls in the SGDP data: a more inclusive Set 1 and a more stringent Set 2, which included only segments that are sufficiently distinct from the Denisovan reference genome. We refer to Set 2 as "proximal" variation since it is closer to the Altai Neanderthal reference. About 30% of Set 1 is excluded from Set 2, and we refer to this as "distal" Neanderthal variation. Proximal and distal Denisovan variation is defined in the same way, but a much smaller fraction of Denisovan introgression falls into the proximal category, probably because the Denisovan reference individual was relatively distantly related to the Denisovans who contributed to the human gene pool [34] . B. In contrast to the proximal archaic variation considered elsewhere in this paper, distal archaic variation is not measurably depleted from enhancers, even enhancers active in numerous tissues.
proportion of segregating variants to be rare compared to a scenario where new mutations 185 segregate neutrally or have beneficial effects [36] ( Figure 5A ).
186
Motivated by this, we analyzed the site frequency spectrum of African enhancer variation 187 from the 1000 Genomes Project. Neanderthals contributed little or no genetic material to 188 sub-Saharan African populations [1] , meaning that Neanderthal alleles should have no direct 189 effect on the African site frequency spectrum. One caveat is that this strategy will not 190 identify regions that are prone to strongly deleterious mutations-mutations that are lethal 191 or nearly lethal in heterozygotes will not segregate long enough to affect the frequency 192 spectrum's shape. However, strongly deleterious mutations are not expected to contribute 193 to mutation load differences between populations, making it appropriate to focus on a metric 194 that will identify regions experiencing high rates of weakly deleterious mutations.
195
To estimate the strength of purifying selection against weakly deleterious alleles that has control SNPs", for more information on how these matched control sets are obtained.
351
Assume that A is a set of A archaic SNPs and C is a set of 2 × A matched controls.
352
To test whether archaic variation of this type is enriched or depleted in a set G of genomic 353 regions, we start by counting the number A G of archaic SNPs contained in G and the number 354 C G of control SNPs contained in G. We say that this type of archaic variation is depleted 355 from G if the odds ratio (A G /(A − A G ))/(C g /(2A − C g )) is less than 1.
356
To assess the significance of any enrichment or depletion we measure, we ask whether together to obtain a merged control set C(b, c). In the unlikely event that a single control 383 allele is sampled in two or more populations, this control SNP will simply be counted two 384 or more times during downstream analyses.
385
To obtain sets of distal archaic SNPs and controls, we must be careful about how we 386 subtract call set 2 from call set 1. We want to sample control SNPs such that no control 387 SNP is part of call set 2 for any archaic species in any population. To achieve this, the set 
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k ) is a 407 pair of genomic coordinates delineating a piece of DNA contained entirely within the set G. 408 We define G to be the collection of genomic intervals {(2 × g
k )}, i.e. the set of 409 intervals immediately adjacent on the left to the intervals that make up G. (We are slightly 410 abusing notation here by failing to note that different chromosomes have different coordinate 411 systems).
412
We computed folded site frequency spectra for G and G using the African individuals generated by partitioning the site frequency spectrum of each enhancer between SNPs that have GC ancestral alleles and SNPs that have AT ancestral alleles. The site frequency spectra of these two classes of sites are expected to be driven in opposite directions by GC biased gene conversion. However, the finding that brain enhancers are enriched for singletons holds up when we restrict to either GC-ancestral SNPs or AT-ancestral SNPs. However, there is no correlation across tissues between GC content enrichment and the singleton enrichment that we attribute to purifying selection. 
